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Abstract:

This paper presents a model which is capable of estimating efficient emission control levels for a
particular smelter and which can be adapted to other emitters and other pollutants, The focus of the
analysis is the development and use of a methodology to empirically estimate the damage costs of
sulfur dioxide pollution.

The household damage costs are estimated using local weather data in a computer program along with
local population and housing data, and the value data from a St. Louis property value study by Ronald
Ridker. Agricultural damages from SO2 are found using a methodology to estimate pollution
concentration, the absorption rate of the plant, and the duration of fumigation. By combining the
estimates of pollution costs with control costs estimated by the Environmental Protection Agency and
E. Van Dornick, the total cost equation is written and the minimum point is found which indicates the
most efficient level of emission control under the basic assumptions and alternative assumptions using
sensitivity analysis.

The analysis indicates that zero emission control is optimal for the smelter studied. Although
significant damages are estimated, the high costs of control relative to estimated damages would
indicate that zero control is socially efficient.
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ABSTRACT

This paper presents a model which is capable of estimating
efficient emission control levels for a particular smelter and which
can be adapted to other emitters and other pollutants. The focus of
the analysis is the development and use of a methodology to empirically
estimate the damage costs of sulfur dioxide pollution.

The household damage costs are estimated using local weather data
in a computer program'along with local population and housing data, and
the value ‘data from a St. Louis property-value study by Ronald Ridker,
Agricultural damages from SOz arée found using a methodology to estimate
pollution'concentration, the absorption rate of the plant, and the
duratiod of fumigation. By combining the estimates of pollution costs
 with control costs estimated by the Environmental Prctection Agency and
E. Van Dornick, the total cost equation dis written and the minimum
point is found which indicates the .most efficient level of emission
control under the basic assumptions and alternative assumptions using’
sensitivity analysis. : :

~ The analysis indicates that zero emission c¢ontrol is optimal for
the smelter studied. Although significant damages ars estimated, the
high costs of control relative to estimated damages would indicate
that zero control is socially efficient.




CHAPTER I
INTRODUCTION

Alr, the thin envelope of gases and particles surrounding the
earth, is a resource whose quantity and quality play a significant
role in determining man's economic, social, and esthétié'well—being.
Used ag a sewer, the atmosphere has'varying capabilities for waste
disposal. If pollution emittexs discharge their wastes with little cost
to themselves, the quality of the atmosphere will ceteriorate.: This
creates a problen.that demands increased attention.

In order to minimize soclety's problem, both the costs of pollu=-
tion control'and the cost of pollution damage mist be specifiéd. As -
.the follow;ng passages note, specifying these costs beccme a nece s cary
flrsL step in maklng good pollution control decisions.

We must have a ‘description of the damage per unit

of each object affected as a function of the intensity of

air pollution, all other factors that qould»cause such -

damage being held censtant [48,p.15].

In sum, the positive and negative values (costs)

associated with external effects on environmental guality

are ordinarily difficult to gauge and some can never be

measured with precision. Nevertheless, there are orpor-—

tunities for reésearch which should yield information useful

for more ratlonal and effectlve ‘management of env:.ronmenta1

quality [26;p.88].

W;thout benefit-cost calculations, we cannot deter-
mine the desirable amount of abatement {20,p.102].

The process of proceeding from.criteria to clean air,
which might be termed air management might be divided into .
the various steps: 1. Determine the [economic] effects _
of various pollutant concentrations and- exposure durations . .
on people, animals, plants, and property [33,p.214].
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Everything worthwhile has a, cost.’ Whenevér you
think you are getting something for nothing, Jdook asain -
someone, somewhere, somehow -is paying for it. ,.. The
ta°k of ecological- econcmics is to figure out how to
restructure the economic systeim so that these hidder costs -
will be brouyght out into the open, with the. ultimate aim
that no .cne who benefits from the use of the environment
will be able to escape without paying in full [15,p.14].

It is the lack of information (on the costs of pollu-
tion). that.is the crux of the ‘matter. . . . I think you
will agree that there is no iiope of'estimatina the -
welfare damages of poliution by simply asklng people -
what they would pay to avoid them. I don't think they
know [13,pp.40,43]. C

This studv regresents an attempt to measure some of the .individual,.

:propérty, and agricultural damages from~sanur dioxi&eipollution in'
the Helena Valley cf Montana, oonnectwthese damage coats withithel.
appropriate ooste of control, snd‘by_anewering the'what.and_how
queetions discuseed in elementary eccnomie‘textbooksi‘indicateIyxﬂ4

' pol lution oosts ‘could he mrnlmlzed. | | |

1. "What" emission levels will minimize:coets?T

2. "How". can resources be comened most efflclently to atta1n
that leve]°

Sensitivity-analysi53will then be nsed to exandneftheieconomiCLﬂ

importance of various assumptions about the parametric data.- Changing

" the parameter‘eStimateSVWithin the "“reasonable range" of each will
indicate;potential payoffs- to narrOwing.that‘rangehof~eStimates for.
-each parameter by 2 “nroprlate research subject to 1nteractlon eFfeﬂts

.between parameter levels. It w1ll be demonstrated that w1thout bette
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information on.some of these physicai and economic parameters, mistakes
will occur, the effects of-whicﬁ-will Vary‘fromlminor to extremeiy
costly. The.level'of these costs will depend.on the parameter in
. question. In this mannex, researchers in each.area'qan-receive
guidance and, in the appropriate'inétances, supporﬁ-in:concrete terms

for the contention that a proposed piece of research would be valuabla

to. society.




CHAPTER II

" THE LITERATURE ON AIR POLLUTION

General Literature on Air Pollufion

Although receiving considerable recent attention, air pollution
is an enigma that has plagued man fdr_more than 600 years. Members
of the nobility petitioned Edward I concerning‘coal smoke in London
in 1300 A.D.‘ One hundred years latér, Henry V passed‘é regulation
restricfing,the moveﬁent of coal‘into.the London area, particularly

"to reduce air pollufion [55]. |

A paper written in 1661 entitled, “Fumifugium", [1L7] caused such
public concern that the English Parliément appointed numerous
committees to appraisé and fecémménd sblutions to the problem.

In America, Spanish explorers in the sixkteenth century, discovered
layers of smoke in the Los,Angéles aréa emanatihgufrom'lﬁdian camp—’
fires. Although hot reaching dangerous.proportiohs untilhl943 [61,
inversion layers have continually plauged the los Angeles éif‘basin.-'

Although p#ﬁlic;awareness,was s;ow in coming, the stud? of
pdllution probleﬁs.and concern for the'énvironment‘is groWing.

fhe Americgn Pﬁﬁlic Heéltﬁ Associéégoﬁ t4] ﬁas reéently preﬁaxed

a Guide to the Appraisal and Control of Air Pollution which includéSHal

general discussion of the-effects-of.air pollution, an estimation of'_
the quantitiés. of pollutants emitted into the atmosphere, -meteoro—
. logical aspects, detection-and measurement, aﬁd'a genéral appraisal. of '

air péllutibn problems.
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The National Air Pollufion Contrcl Associat;on?s'Abétract
ﬁﬁilétin f39] pré?ideéione:surveyé of the reseafch_beiﬁg‘c0nducted_
:in this field. The. research is categorized"i;£; i;-gréad subject

‘fields, some-of>which include:

Emission Sources
The characteristics of specific classes of emission sources

including types, rates, and the industries. involved.

Control Methods

The operating principles, deésign, operation, and efficiency of

equipment and methods of removing pollutants.

Measurement Methods.-.

- The devélopmént, testing, and evaluatiéh‘of‘pollutant determina—

_ tion methods and equipment.

Effects on Human Health

Medical‘and'epidemiologicaletudiés.

- BEffects on Plants and Livestock.

Pollution_effects-on plants and livestock.

Effects-on Matc’ar’:i.a-"i_s-_-'j

" Research’ on the corrosion and deterioration.of physical materials,

builc_ii‘ngs .’,. and structures.:




- Economic Aspects

Studies that relate and examine'pollution damage costs énd

pellution control costé.

Standards and Criteria

Recommended or adopted guides, criteria, and standards fdr
allowable emission limits or pollutant concentrations, air quality-:
equipment characteristics, and fuels.

Other periodical guides to the aixr pollution literature include

Air Pollution Titles [3], APCA Abstracts [2], and Air Pollution

Abstracts [1].

Important periodicals such as Environmental Pollutiog, The

Journal of the Air Poliution Control Association,and\Enviroﬁmenﬁal

Science_ahd'Technology publish an.array of papers dealing with air

\

pollution. The Natural Resources Journal and Land Eccnomics
speciglize in the. economics and sociology of environmental control,

vhile papers on the health aspects of air pollutioén cccasionally

appear in the American Journal of Public Health and the Archives, of

Environmental Health..

Hagevick [23] Has recently written an excellent book on air

pollution cdntro;;-.After a brief introduction examining the- pollu-

U ¢ —

tants responsible- for the current.situation, he examines the economic,

political, and institutional issues by applying them to a specifié

. ‘airshed. Through case studies of Los Angeles and-New YoikTCity, a
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basis is provided for integrating decision-making witﬁ.the economist’'s
minimum-cost soiution (Chapter III of this thesis develcps this
concept) , pointing out the strong as well as the weak decision-
making.strategies.' Beforé good decisions can be made, estiﬁates of
the total damages attributable to ai? pollution in the airshed at
various possible emisgion levels must be made.

The -Report of the Air Conservation Commission resulted in a book

entitled, Air_Conservation [14]. Authored by 12 leading authorities
from many fields of specialization, this book provideg.a_wide rangiﬁg
View-ofvair-pollution, including meteorology s pollutants.and'fheir
effects, the need for air conseryation, pollution control)'aﬁd £he
socio"ecbﬁomic factofs that accdmpany'air pbilution.and-drbén déveldp—
ment. Because of its_éomplexity, the authors outline the bréad taéks
facing the scientific community, inéluding.basic.and applied reseéréh_
on pollutart interactions, effects, and cOntré;. The task of’goVérn;.
ment would be one of supporting the appropriate research; helping
gather the ﬁecessary iniormatibn, enforcing pollution décisions, and
educating_its citizens to create a broad pubiic understanding of the 

problem.- .

~ Economic Literature on Aixr. Pollution
Whenever the welfare of an economic unit (or units) is directly

affected by. the activities of another, externalities exist. Air pollu-




8

tion represents a classic example of an externality. Because air
appears to the'emitfer as a free resource,_it_is overused. Overuse
reduces efficiency in that receptors suffer more from damages than
emitters will save. in not having to control their pollution. Overuse
affects equity by_forcing owners of’air rights (uniess all rights are
owned by emitters) to suffer damages without proper compensation.

Various possible solutions té the exterxnality problem are exa@ined-"
"by Coase [10] and Mill [20]; iThe possibilities include eﬁissiqn taxes,
_payments based orn marginal pollution damages, flexible emission stan-
dards, zoned emlssion standaxds, prohibition_of emissions, factor .
subgidies, and others. Care must be taken to acéount for the addi-
tional and informetional costs aséociatéd'with each proposed solution.,

When external effects cauase a misalibcétion of production, the
éoal becomes oﬁe of aqcounﬁing fqr all the benefits and costs flowing
frcm the eéqnpmic activity being studing

Treatments of benefit¥éost anélysis and its application to the
misro-economic theory aspects of pollqtién control can be found in
_Eck;ﬁein [16]A Grosse [22];‘Harbgrgér t25];fHerfihdahl.and Kneesél[27],~ 
Prest aﬁ& Turve§ [46]1, Stainer [581,_Wiisoﬁ énd.Minnotté [74], Zerbe
{771, and Stroué‘[eo]. Thesevpapers éreééﬁt the elements of a resééréh;'
.strategy for concﬁptualizing the p;obiem; spgcif?ing‘the'rélatiqnshipé L
and variables necessary for makiﬁg”Chénges.ih control decisions; and |

&

applying empirical -informstion to actual ciase study situations.
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Presc and Turvey's paper is perhaps the most comprehensive sur&ey
of benefit-cost literature and it does provide an.extensive bibliog—
raphy." Benefit-cost analysis, these authors note, is a way of eettipgf
out the factors which need to be taken into account to maﬁe certain
economic choices. Questions such es Which'costs ar.d which benefits
are to be includedvic the ‘analysis? ﬁow are they to be valued? At
what interest rate are they to be discounted? and What are the part1c~
ular constraints applicable to the analysis? are a few of.the'general
principles of benefif—cost analysis that?are enumeraﬁed.

'Wide.divergence of cpinion-exists over -the usefulhess of benefit-
cost analysis.- At one extreme is Hall's statement [24,p.l73]:"

We have begun to'grdpe our way towards a practical concept
of economic plannlng which may prove in a few yedrs time
to. be as revolutlonary in its policy implications as was
the Keynesian revolution in economics thirty years ago.
It also originated, many. years ago, with ‘a Cambridge-
economist: Keynes' contemporary Pigou.. It is the
concept of social costs and soclal benefits. . . . This
léads to the revolutionary concept that we can actually
add up the social costs.and benefits, in money terms, by
asking-what value people would themsélves put.on them.

. We can.then"exPress them as a rate of return on cepital,
as an oxdinary capitalist would, and so determine our

' investment rationally, from the point of the community
as a whole, just as the capitalist can now do From his .
prlvate point of view.

Another etatement indicating an cpposing view‘is'bv Smithies.
[56 ,pp.344- 345], which states-'
The foreg01ng discussion [on beneflt—cost ‘analysis] leads

to two major conclusions First, judgment plays such an
Aimportéant role in the estimation of benefit-cost ratios -
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that little significance can be attached to the precise

numerical results obtained. . . . Second, competition is

likely to drive the agencies towards increasingly optimis-

tic estimates; and far from resolving the organizational

difficulties, computation of beneflt—cost ratios may in

fact make them worse.

Prest and Turvey [46] take a position between the two extremes,
recognizing fhat even if benefit-cost analysis cannot give right
answers, it can play'the-negative.roie of screening projects and
"rejecting those answers which are less promising. .They argue the
case for benefit-cost analysis is strengﬁhened if its limitations
ace openly recognized and emphasized.

Many of the estimates of the;damage costs of smoke and air pollu-
tion frem the turn of the twentieth centﬁry until 1950 can be feund
in papers by Bennet [7], Flagg [i8], Gibscn [19], Johnsoa [31,34],
Obermeyer [41], Parsons [43,44,45}, Rolieston [50], Shaw and Owens
[53], Simon [54,57], Mellon Institute~[é3,72i, Uhlig‘[75], and the
Beaver Committee [21].

Basically( these drticles represent rough‘eStiﬁates:efsthe smoke
damages sﬁffered by various eities and.coUhtries. innual smoke
damages (1939) to Indlanapolls, for example were estlmated to be-
$15 million [31], whlle Mllwaukee suffered $lO mlllaon [34]. Simon -

[57].estimated the annual‘smoke-aamages (1946) to Great Britainﬂto

be $50.million.‘ S. B. Flagg [18] added an interesting tv1st to the '




11
damage cost estimates citgd‘by other authors. He viewed smoke in terms
of damage to emitters, rather than re&eptors._ Because ‘smoke indicates‘
inefficiency “in fuel-consumption, half-burnt anl;‘and dividends that
should be distributed to stéckholders, he called fcr an improwved |
design of'furnaces-and mechanical equipment. The incentives for
improving “control eqﬁipment" wduld come from a stxict .enforcement of
statutes controlling emiscions.

Research‘in thellast-decade on the damage costs of air pollution
would include Michelson and Tourin [35,36,37], Ridker ([48], Pidker
and Henning [49]; Ahde;son‘and Crocker [5], Wilson and Minnotte [74];
and Stroup [60];

Mi;helson and Tourin [371 ﬁsed questionhairés to estimate £he-
addea household‘expenditures of cleaning resglting from-suspended
parciculates. Although intgresting, their study suffers from the
problems assoqiaﬁed with quesfionnaire techniques and the difficult
question of how to evalﬁate £he damages of poilution which were not ‘f
paid for in_the<form of extra ciéaning, 1§updry,,paihting,‘etc.

Ridker, in his book, Economic Costs of 2ir Pollution‘[48],'used

a number-of.approaches in an attempt to measure air polluﬁion
damages. In an effért té'link thelinéidence of diseaSe.with air
pollution, he examihed_correlations.between polluted - -areas and
premature deaths, txéatment, and‘absenteeism. The‘costs would be

the_valué of medical treatment and foregone income. His study
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revealed no conclusive evidence using this‘method. Another approach'
was one similar to Michelson and Tourin's questionnaire determining .
soiling costs. By éomparing the laundry, dr? cleaning, and cther
costs associated with pollutioﬁ of different cities, Ridker héped to
capture an amount people actually did pay for living in a.polluted
area. lere again, the results were.indeterminate. Ridker's third -
approach, and the one whose results are used in this thesis, invegti-
gated the differences in property values resulting from po;luted “
versus nohpolluted:51tﬁations; Using a cross-section study of

St. Lculs preperty values, Ridker was able to explain 92 percent of
fhe variation in property values with a regression equation.v ﬁsing
sound econdmetric anﬁiysis; he showed that St. Louié fesidents were
willing‘to pay about $245 ﬁcre~for a.housé for_éaéh‘;ZS,mgSO3/lQO cm?/'
day-avoidéd;:,uéfe(“a single market price reflects\what peopnle weig'
willing to pay to get away from pollution‘wheré they lived.

Andexrson and'érocker's study of air polluﬁion.apd reéidential

real estate valueé algnpfoéeeds‘on the baéis thaf a subéténtial portion
of '‘air pollution aémages to artifacts aqd ofggﬁisms is cépitalized
négatively into the valge qf land. They first develop ‘a éualitatives
ﬁodel to determiné fesideﬁtial pfépertj Qalueg which include-éha:ac—
teristics of both‘hogseHolds and properties és expianatox&.yariablesg"
Basically;‘they used thé pdstulates,of'Lancaster'é development of |

"consumer behavior. theory. Using log linear forms eétimated by -
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Ordinary Leést.Squares, instead of a linear fit whicﬁ appeared to be
best for Ridker, they showed that marginal p?operty values were
reduced from $300 to $700 per‘propérty bécause of poilution,1
Anderson and Crocker used particuiates és an explana;ofy variable,
whereas Ri@ker'reported unsatisfactbry results ﬁsiné partiédlafes,
and they were éritical of Ridker's use.of 1960'Censqé bata coupled
with pollution data‘gathered'in 1963 and 1964. Thisqrtheyﬂargued,
could result in biased estimates. |

Wilson and Minnofte?s stuay of‘soiling caused by-stationary
“sources of péréiculate'emissions iﬁ thé Washingtqn,,b_’c;, area [74]
uses benefit—cést‘analysis to make.pollﬁtion control recommendétions;
By combining a diffusion model wifh Michelsén'é‘déta on éoiling
démages, they calculateva bénefit figufe:for each'cdntfql increment.
Costs of control are then subtracted from_the calculated Eenefité,
vielding a net benefit calculation for‘everj control level; 'They
conclude that benefit-cost analysis can be used iﬁ:makipé émissibn
contrél deéisions; énd‘with béttef'inputldata caﬁ be usedtto-estab—
lish ehissiqn levels for all types-of pollﬁtants. Tﬁey warn that g
their model can be‘used dnly fo; illustrative purposes, és it deals

with only one type of pollutant and one geographic area. -

, lMarg:.nal damages refer to an addltlonal 10 ng/m /day of sus-
pended partlculates plus an addltlonal .1 mg SO /100 cm /day of
sulfatlon. 4 o
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Strbup &evelo;s a model t60] which is capable‘dffloeating optimal
control levels for any number of air pocllution sources under the juris-
diction of a control authority. The model:is then uzed to analyze
various contrcl strategies, detailing the,strepéths ahd‘weakneeses
of each. By applying the mode=l to a particular copper smelter, it is
demonetrated that several million dolla;s in_annual daﬂéges can be_'
.avoided at cptimal control strategieSu”'Mapy developmente in this paper

are based on Strow.p’s methodology.

The Literatare on Plant Injury by Air Pollutanfs

Scientific attention was directed to-the broblem of pollutent
injury to plants as far back as lé?l, when Stockhardt [59] wiete
about smqke damage to German foreets andc When:Cameron‘{9] egaminedv‘
the damage to vegetati6n~ip London.. Reseerch'on‘sulfur dioxide damage
to plants. in this country.began‘at‘the turn.of“the ceneury [64],
with Swain [62] reviewing’the outStanding'periedic developments.“ .
' Another good review of the effeces‘of‘polIUtieh damage to élents_is
Crocker [12] who reviewed mﬁeh of the earlx werk on sulfur dioxide-
and othe? pollutaﬁts by the Boyde Thoﬁpseﬁ,lnstitute{ E puelieation’
by ehe ﬁatidnal Reeearch éoﬁncil of Canada [40].egemieee ﬁuch Qf.the
sulfur dioxide research in connection_With smeiter ihjufy.eo piants.
Also, an exeellent coméreheésiﬁe_review of‘the:entire problem of air
pollution effects on vegetation.iS'giQen by Thomas [64] and ﬁpdated

by him in 1961 [65].
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It has been established in the literature [42,66] that sulfur

dioxide injuxy to vegetation.follows.the rxelationship
(C - ¢yt =K. - . (2-1)

in this equation, C is the concentration of sulfur dioxide
(parts per million--ppm) which can cause traces of -injury to alfalfa

. and K are constants. Under conditions of maximum

in t hours, and CO

sensitivity, CO was found to'be 0,33 and K equailed 0.52.- That is,
given a concentration of 1.25 ppm, incipient markingsyéén Ee found
on ;lfalfa-in one hour. Notice that a céncentratiéﬁ of 0.35 ppm can
be endured indefinitely without'caus;ng injury.

fhémas‘and‘ﬂill [67] generalized the preceding équatién, calcu-
lating equations for various amounts of leaf_destructibn at maximum

sensitivity for alfalfa as_foilows:"

t(C -~ 0.24) = 0.94 ' "Incipiént_Injury
t(Cc - 1.4) = 2.1 . - 50% Leaf Deétruction ‘ - (2-2) -
&(Cc - 2.6) = 3.2 ' 100% .Leaf Destruction’

Ffom the;e équations,_concentration le&els of 1.2, 3.5, and 5.8
pbm‘wouid, in-one hour, destroy.fraees,'half,‘or all_of:£he\le§f-
.érea qf the~cr5p, fespectivelyT

The éiﬁferentﬁspecies pf plants vary considérabiysin‘their
suscébtibiiity to injuty 5y-sulfﬁf-dioxideqf O'ééra=wb:£éd}oﬁt féétdrs.

for ‘about 300‘species and varieties of plants, giving their sensitivity
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relative to alfalfa as unity.“These'havé‘been published and. some are
listed in Table I [66].

Environmental factors have a'significant effect on prédisposiné
vegetation to 802 injury [32;52,66]. Relative humidity is perhépsv
the most important external factor affectihg a plant's suSceptibility.
High'rélative humidity favors the opening of’ the stomata aﬁd thié
allows a high absocrxption rate of the plant. Soil moisture is another
important environmental factor,‘causing plants to become extremely‘
resistant when moisture approaches the wilting point. Wheﬁ the soil
moisture is very low, the leaf stomata tend to close in order to-
guard against excess transpiration losses. When moisture is adequate
for growth, however,;variations withih wide limits do not appreciably
affect susceptikility. The iﬁpoftancé-of light intensity and its
relation to the response-of a plant has beeﬁ assessed differently
by various investigators. Swain [62] qonsiders_it_to be a'ﬁgjor
factor, while qumeé [29] and Setterstrom [52] believe it to be cf
minor importanée; Coﬁside;ing atmoépherie témpe:aﬁﬁre; Sﬁaih [61]
concludes that a plant is mofe,résistént to sulfur_diox;de at
temperatures of §°C and below,.wiﬁh.little;varia£ion abové SfC,'_Wélls'
[73] agrees with this basic concluSion; | |

Brisley and Jones [8], Hill and Thomas {28], Holmes, Franklin;
and Gould [59], National_Research‘Copnéil’of'Canada [40]} and Thomas -

and Hendricks [66] found that reduction in.yield is proportional to




RELATIVE- SENSITIVITY OF CULTIVATED AND NATIVE PLANTS TO

TABLE T.
INJURY BY SULFUR DIOXIDE (Determined by O'Gara).
Sensitive _Intermediate - Resistant
: Cultivated Plants T
Alfalfa 1.0a Cauliflower 1.6a Gladiolus(1.1~4.0b 2.¢a
Barley 1.0 Parsley 1.6 Horse-radish 2.6 -
Endive 1.0 Sugar Beet 1.6 Swszet chevrxy 2.6
Cotton 1.0 Sweet William 1.6 .Canna 2.6
Four o'clock 1.1 Aster ' 1.6 Rose 2.8-4.3
Cosmos 1.2 Tomato (1.3-1.7)b 1.7 Pocato (Irish) 3.0
Rhubarb 1.1 Eggplant 1.7 Castarbean 3.2
Sweet pea 1.1 Parsaip 1.7 Maple 3.3
Radish 1.2 BApple 1.8 Boxeldexr 3.3
Verbena 1.2 Catalpa 1.9 Wisteria 3.3 -
Lettuce 1.2 Cabbage 2.0 Mock orange 3.5
Sweet potato 1.2 Hollyhock 2.1 Honeysuckle 3.5
Spinach 1.2 Peas 2.1 Hibiscus 3.7
Bean 1.1-1.5 Gooséberry . 2.1 Virginia creeper = 3.8
Broccoli 1.3 Zinnia (1.2)b 2.1 Onion 3.8
Brussels sprouts 1.3 Marigoild - 2.1 1Iilac 4.0
Pumpkin 1.3 Hydrangea 2.2 Corn 4.0
‘Table beet 1.3 Leek 2.2 Cucumber 4.z
Oats 1.3 Begonia. 2.2 Gourd 5.2
Bachelor's-button 1.4 Rye (1.0)b 2.3 Chrysanthemem  5.3-7.3.
Clover ‘ 1.4 Grape © 2,2-3.0 ‘Snowball 5.8
Squash(1.1-1.4)b 1.4 Linden " 2.3 . Celery 6.4
Carrot 1.5 . Peach © 2.3 . Citrus 6.5-6.9"
Swiss chard 1.5 Apricot’ - 2.3 Cantaloupe: '
Turnip 1.5 Kale " 2.3  (muskmelon) 7.7
Wheat 1.5 MNasturtium 2.3 Axbor vitae 7.8
Elm 2.4 Cuarrant blossom 12.0
Birch 2.4 Live ocak 14.0
Iris 2.4 Privet 15.0
Plum 2.5 Corn silks and
Poplar - - 2.5  tassels 21.0
: ' Apple blossoms - 25.0-
Apple ‘buds . 87.0

a/ E%ctbrs of relative resistance compared with alfalfa ésLﬁnity.

b/ More probable factors based en later experience.
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the amount of leaf area destroyed. The fdliowing eqﬁation may - then
be used when the constants have beén determined.

Y = a - bX . o (2-3)

where: Y = the yield;

X = the percentage leaf area destroyed;

1l

a=a donstdnt'approximately 100 percent: -and

b

li

the-slopea‘

The question frequently arises as to how far co?;;qsions drawn
from the results of experimental fumigations under cabinets mey be
applied to crop plants growing under naturél.field conditions in 2
smeiter zone. Katz'[32yp;2458] found that "thé rgsults-demohstrated
conélusively that tﬁe responée of crop plants to‘sulfuf dioxide under
natur%l-conditjoné‘is not éssentiaily differenﬁ from.that found in
fumigation - experiments under éabinets."

The issue at hand is7not just one of specifying effects, but
aqtually determining Qhéther these effects havc any economic impox-
tance. Regardleés oI the biochemical mechanisms invoived; or the
striking damage appearing on éolofed photograéhé, thé éséenée:of the
analysis must be an estimate_éf the‘maénitude'of_léSsesﬂsuffered by
éociety."Chaétg?iIIImpresents a,methodology\aﬁdrehapters V and VI
‘use it to\empirieé;ly_invéstigate:thé damage;ffroﬁ_sﬁlfurfdioxide'

poliution by a.specific smelter.




CHAPTER III
AN ECONOMIC PRESENTATION: DIAGRAMMATICAL AND MATHEMATICAL
Dirty air is expensive. Unfortunately, clean air is also expen-
sive. The resulting trade-off is one between the size of control
costs and the size of pollution damage costs. These costs are the
focus of the fcllowing economic analysis and tneir subsequent measure-

ment the key to sound decisions of control.
The money and prices used to measure these costs are useful as a

'mit of account and a common denominator. The focus of interest is
not on dollars and prices themselves, but rather their role as a yard-
stick in measuring the problems, opportunities, and clicices of p=ople.
The price system in a market economy is a system of social accounting
which (in the absence of externalities) keeps track of all the bene<its
and costs of an economic activity.
Diagrammatic

A simplified view of the physical problem is shown in Figure 1,
and its resultant eccnomic aspects in Figures 2, 3, and 4.

Pollution (emissions) vented to the atmosphere (transport mechanism)
yield levels of ambient air (air quality) which cause some degree of

economic losses (damages) as shown in Figure 1.

Emissions '——‘_‘1“——" Transport Mechanism

Air Quality

!

Damages

Figure 1.
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If society wanis a certain standard of air quality maintained,
such as point A in Figure 2, control costs of CCA must be incurred.
Given CCA of control, quantity EA of emissions would cause DCA damage
costs. Damage costs can then be thought of as a function of emissions
(or an air quality standard).

By combining the southeast and southwest quadrants of Figure 2,
the damage and cciitrol costs of various levels of emissions can be
represented by Figure 3. Adding damage costs to control costs yielas
a total cost curve for varying emission levels pictured in Figure 4.
TCl and El represent minimum total cost at an optimum level of

emissions. At this point, E the marginal costs of contrel equal the

ll'
marginal costs of pollution camage.

Air Quality Standard

e

DC
pamage Costs (rate)

Control Costs
(rate)

\DC

X Emissions (S0,)
FPigure 2. (rate)




Total Costs
Camage Costs + Control Costs

T

Control
EDRES Damage
Costs

5

L_~_‘<: \\\\\\ Emissions

Figure 3.

Total Costs

Emissions

Figure 4.
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Mathematical
Economic analysis indicates that marginal damage costs of pollu-
tion must equal the marginal éosts of pollution control'in order to
achieve minimum cost quality abjectives. Sbecifying both as a func-~

tion of emissions,

= : 1
DCi | di(E) E (3-1)
and
CcC. = c, (E) . . (3-2)
J o J . : .

where: DG = cost of the ith type of pollution damage, i=1,n

ng= cost of the jth

type of control, j = 1, m; and
E = emissions.

The'totai cost to society, TC, become the sum of equations (3-1) and

(3-2) : ‘ _ .

= .. -+ + + ... 4 CC =
TC DCl + DC2 + + DCn CCl. CC2 . CCm_

' A : (3-3)
dy(B) + dy(E) + ...+ & (B) + c (B) + Cz(E.) Foeee o (B) .
Minimizing TC with respect to emissions produces the minimum cost
to society and the optimum air guality objectives.

The necessary first-order conditions are =




dTC (E) '

aE =_dl(E) + ce. o+ dn(E):+ cl(E) F o eee +‘cm(E) = 0 (3-4).

and the sufficient second-order conditions are

2 . . : ‘
d TCE : ’
““"72—'> 0 \ ‘ _ N S : \3~5)
dE o ‘
To satisfy_the necessary conditions, the summation of the marginal -
costs of pbllution control and damages must equal zero, or likewise,
that the marginal costs of pollution .damages equal the marginal costs

of pollution .control. . That is,

aTC ) R 4 (B). d,(8) =~ -c,(®) o
aE Z ae, " Y Tag, T 9 sothat z dE, z A= (3-6)
i i 3 3 o i3 3

The foilbwiné'chapters renresant an empirical dttempt to combine
the control costs of pollutior with pollution damage costs to.enable

dacision mekers to make marginal evaluations of emission control.




"CHAPTER IV

 STUDY AREA--EMLTTERS

Problem Area

The Helena “alley-in Montané haé'an air pollution problem (Téble II).
Located bgtwegn the Big Belt Mountaiﬁs on the north and easF and the
main é?ain of the continental divide ou the Wésﬁ-éﬁd‘séutﬁ, the .valley
houses 5pproxima£el§.30,006 residentsrwho-érg subjeéted to Vafiqué-
deérees of pollution;‘ in p§:ticular;;the-éhericaﬁ‘Smelfing aﬁd
Refining Compariy opeiates a ‘custom lead-smglter, émittiﬁg-quantifies of
sulfur dioxide.£o“the.atmosphere¢which éubstaﬁtiélly exceed the Ambien#:
Air’Quality.étandards'sét for Montana snd are in excess of thélmost
lenient air'éﬁaﬁdards.seﬁ énywhéxe'in the na#ioh;[ié,pwél.'_Governmen£
studies [38] indicaﬁéjﬁhat‘cqncenﬁratiohélcf‘sgifﬁf dioxide’in'excéss‘
of 15 bpm‘(par£s pefimillion) havsa -been fecorded‘neér-the plant,
' causing considc;%blL damage.to ;ommerciachfdps_and otﬁér:Vegetatioﬂa!

Basicéily, sgifﬁr-aioxide is'a coloriess gés #hé% can,be.taétea
at concentxa;ioa levélé of .3 ppm to 1 ppmjand Can:éausefpgﬁgenf, irri-
téting odors at ;opcentratiop levels éboﬁe 3 ppm.. Once in the_
atmosphere, sulfur dioxide is parﬁly‘éonvefﬁed‘éo'suif#rfﬁrioxide‘or 
to sulfﬁric adid,bj;photocﬁemical or‘gaﬁélytic ;roceésés;,_In tﬁe"
éresenée of'méiétufe}“splfﬁr_trioﬁide-ié iﬁmeéiéteiy'éénverﬁed to" 
éulfurichCid; _Théiréﬁefat which sulfu?,diox;déudkidizég iﬁ'#ﬁe'

v

atmosphere depends. on factors such as residerce time, amount of




TABLE IX. EMISSION FROM COMBUSTION AND PROCESS CPERATIONS, HEIENA, EAST HELENA, HELENA
' VALLEY, MONTANA (Tons Per Day Averaged Over the Year).*

Source and Amount of Emissions

o . Industrial and Céommercial *Domestic ' >Vehiculai
Total- Fuel " Process Fuel ‘ "~ Diesel
Pollutant  Bmissions Coal 0il Gas Wastes Emissions O0il Gas Wastes Gas Fuel

Sulfur Dioxide 198.03  1.68 .00L .00I  .GO5 196.0 -  .010 .00l .02 1 0.21.0.10

Carbon Monoxide: 58,65 l;2 .001 .001 0.5 2.0 .001 .001 1.8 54,0 0.15
Hyd¥ocarbons '_ 5;26_ .07 .00l Neg ;03 Neg .OOi Neg ;ll 4.7 0.35
_O%ides of , : _

Nitrogen (N02) 5451 1.40 .001 .30 .06 Unknown .002 .38 . . .22 2.6 0.55
Pérﬁiculéfé e 22;72‘,2 5.70 .03- .09,  16.0 .001 .03 .31 .30 .26

. TOTAL ° 290.17

*Soﬁrde:. Montana State Department of Health, Divisiod of Air Pollution Control and. -
Industrial Hygience, "A Study of Air Pollution in the Helena-East Helena Area,"
October 1965-October 1968, p. 10.

B4
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moisture present, and the intensity and duration of sunlight. The
presence of catalytic material, hydrocarkons, nitrogen oxides, and

sorotive and alkaline materials also affect the oxidation process [70].

Plantc Description

The American Smelting and Refihing Company's smelter was built in
1885 and nas vented to the atmosphere all by-product sulfur dioxide.
sinCc that time. A bhxief description of the plant's operation is
included bere. |

All incoming shipmencs of lead concentrates are.saﬁéled.ana deter;
mined for‘sulfur content. After being ﬁixed with ziné resicdues, lime- '
s*tone and siliceous cre, the conﬁentrate is pelletizedvtq give a chqrge
 conforming.to ﬁétallﬁrgical requireﬁenfs. After‘thé peilegiZed charge
is delivexcd to the sintering plant, it is mixed with retu:ﬁ sinter
and fed to one of foﬁr Dwight'Lloyd’széinter;ng machines Qhere the
sulfur content is reduced through oxidation and the charge i; agglom-
eratad into aufroduct known as-sinter. The sinter isithép:screened
fprvremoval of fines, whfch are_in turn crusﬁed and-usgd és ieturn
sinter for blending With mote-.fresh charge cominé from.the-éhargé1
preparation\system; Once delivered to.tﬁe blast furnéce{ the gases
ffom the sinter are conduqted,th;qugh flues fo the electrogtatic
'precipitator.plant (ESP) whergfthé aust ip gases is largely removed
and the cleaned_gaseé still containing‘sulfur Aioxides are disgharged

up a 400-foot stack.
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:Finished sinﬁerAand coke are then charged in.one'of two blast
furnaces where they; are melted and reactea to form lead bullion and .
slag. The rolten products flow out of the furnace through a patented
tapper and are separated by gravity in a brick-lined settlexr. The
slag ovexrflcws the settler into s;ag'pots for delivary cé énacdnda's
zinc fuming plant while the lead bullion is tapped intc other pots
for transfer to the drossing plant. "Dust from the gases of the blast
furnace is filtered through Large wpo;en-bags in ths baghouse. Cleaned
gases are thén ventad to-the afmbsphere through thfee‘baéhcuse stacks.1

The two sources of air pallution_éroduCed by the Amcrican
Smelting and Refining Company, thern, arélthe‘effluen; gases from the
ESP plant {D5% of totalj ;nd £hg.gases from tﬁe baghouse (2% of total).

The other source of SO, pollution in the area is the Anaconda

2 .
Company's zinc ‘fuming plant. This. slag-treating plant processes the
waste slag of the American Smelting and %kefining Company to make a

zinc cxide product. The process involves charging molten slag to a

funing furnace where a 2200°F temperature causes the .zinc and lead to

lplant visit to the American Smelting and Refinexry Company in
East Eelena, Montana on October 15, 1969.. Attending were: Stanley
Lane, Plant Manager; K. W. Nalson, Director, Department of Environ-
mental Sciance; Carl Thompson, Public Relations; Ben Wake, Directoxr,
Division of Air Pollution Control, Montana; members of the National
Air Pollution Control Association. '
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fume off and form‘zinc oxide and lead oxide. Furhace gases are then
cooled before passing into a large radiant cooler. Zinc oxide and
lead oxide'in'the-éooled gases afe then removed by a fabric filfer
egquipped witthacron bags before the gases still containing sulfur.
dioxide are aischarged into the atmosphere.. The éaseéifrom these five
stacks,‘loé feet high, éccount for approximatcely 2 percent éf the 502

in the area.




CHAPTER V-

ESTIMATING THE DAMAGE COSTS OF PCLLUTION

Household Damage Costs
The area sﬁrrounding the stack was divided into 540 sectors corre-—
-sponding to-egch of the 36 wind dircctions, each sector 1 mile deep,
out to 15 miles aiséant from the polluting stéck (15 x 36 = 540).
The numbef of houses in each sector were found by usipg.Highway

Strvey maps, which indicate the location of each house, arnd the 1970

U. S. Ceansus of Population, fox locating the numbeir of houses i
1
Helena.

The additiors to sulfation loadings in-each sector were calculated
using local weather data (three aourly observations) ané a dispersion
equation. Additions to pollution concentration (sulfation) resulting
from stack emissicns were calculated every 3 hours and summed on an
arnual basis for the years 1965-1969. The basic .dispersion equation
used in the computer model- follows the form:

4.5675Q

i = e . . . (5-
Chi ‘XUO'Z 'xp[ 5(H/UZ) 1 ) | 5 1)

Bob Keqk;,Highway Planning Survey Superintendenf, and his crew of
encvineers deserve special thanks for their efforts.:
zMx} Bruce Turner, Air Dollu'ion ‘Control Office,- Durham, . North
Carolina, communicated this cquatlon to. me in a telephone conversation
November 5, 1970 (wee [7l,p 38]) ’ :

3. o N - : .
See'Appendlx A‘for description o0f computer mocel.
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where: Chi = pollution cdncentratién;.
Q = emissions (2,772 grams at zero control);
X = distance from stack in me£ers;
U = wind speed in meters per second;

o = vertical dispersion coefficient, a function of downwind
distance and atmospheric stability; and

H = effective stack height in meters.

The computer model's predicted sulfation measurements were tested'
by comparing them with lead perqxide candle sulfation measurements
taken by the Federal Gc;vernment4 in a study.conductgd‘June.thrqugh
Novembe; 1969, in East Helena, Montana. Tﬁe'lead'peroxide candle is a
widely used teéhnique uszd for.determining a sulfation faté. Althoﬁgh
it provides no indication of short-term fluctuations it can give
reasonahlé indications of sulfur dioxide concenﬁrations for periods of
one month duration [55,p.103].

'By comparing thé'lead peroxidg candles to the.éoﬁputefimddel's
prediétions, it was found the model uhderpredicted'sulfation concentra-
tioné by about 15 percent (arithmetic ﬁean) from 1 té B-Jniles‘digtance

_frqm the stack.? Gévernment‘measurements ofgsulfation did not_ exceed

8 miles from the polluting stack..

T —— - o _ _ o .

Title of project: Helena Valley, Montana, Area Environmental
Polluticn Study. Principal-investigators: 7Ire National Air Pollution
Control Administration and the.Montana,Department.of-Health.__

See Appenaix: C for a discussion of how these values were deter-—-
mined. ' - ‘ :
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Tﬁe damage‘costs of pollutign to.houaaholds were found, theh,
using a disperaion model to estimata.pollﬁtion‘concentration (sulfatioﬁ)
in each sector, the relative'decraaSes in property value which people
were willing to pay for-incieased sulfation as'determined by Ridker's
study,G where calculated damages.to Housaholds were‘fbund‘by Ridker
tc be directly proportional to pollution concentratioa, and the number
of houses in‘each sector. - An. interest vate of 6 percént was used to
cqnveft present value to aﬁnual_posts.

Damage costs, then, follow the foim:

DC = X, H.RF - : (5-2) -
i'i . _ ;
where: Xi ~ the increment of pollution. ﬂoncentvaulﬁn from the large
stack (annual averaze) in the ith gector with no control;
: e oA P e .th .
- B, = the number of dwellings in the 1 sectoxr;
i ,

R = the annual damage. pex unit. of oollutlon concentratlon
per dwelling (Ridkex W' and

B = the proportion of.generated'pollutants which.are.emitted.

Tabie III and IV preseant the results.

6 . . . ) } y N .

See Chapter 1I, whare it was noted. that Rldker found that people

did pay approximately $245 more for a house for each :25 mgSO3/lOO cm /
day (annual. average sulfation) avoided in St. Louis in 1960.. 7 -

The use of Ridker's value data is virtually .a ﬁécéséify}'as no
other data,. comprehen31ve in scope of~ damages and con51der1ng 502 ]1
SpeleJFally, is currently.available. : - S
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TABILE III. ANNUAL HOUSEHOLD DAMAGE COSTSﬁ(lOO%DEmissions).

Househbld”Damage Costs

Year ; o ‘ a b

‘ U Dollars-----
1965 31,922 22,302
1966 | ' - 30,772 19,929
1967 33,720 " 24,260
"1968 33,570 19,946
1269 32,600 21,200

4calculated costs stemming from a sulfation rate adjusted
to empirical data. Figure C-4 in Appendix C indicates the adijustments.

bCalcﬁlated costs stemming from an unadjusted model.

TABIE IV. AVERACﬁ ANNUAL HOUuEHOLD DAMAGE. COSTS AT 6 DISCRhTE LEVELc
" OF CONTROA (lOO° Em1551ons) ' :

Cumtrol Level . B Household Damage. Cocts 2
Perc;&t - - ' o ~Dollars 1'
45 , : 17;220.
78. . ‘ | .. 4,270
g8 - . 3,046
90 . . a _ . 2,321 -
93" . ' 1,347

-4 o _ .. 186

Calculated costs stemmlng from a- sulfatlon rate adjusted to
emplrlcal data " Figure C-4 in Appendix C: indicates. the- adjustmants.

.
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Damage. Costs to Agriculturé
The fpl}owing discusgion desc;ibes the procedures by which damagés-'
'(yield-reduction) to a1falfa.and Earley‘is calculated. . Aébasié;uat—
line is‘included'to;acquaint thé feader with the.ordeflof term; which

follow.

Basic Outline

I. Yigld reduction is'a functior of leaf damaéé.
A. TLeaf damzge is a function 'of the absorption rate of the
 plant, I condentratién level of po;iutéﬁt, C; and

duratioq;éf funigation, T.

a. A is a Functiohn of lightAln;éhsity;;soil noisture,
témﬁeratgre, aﬁGlrelaEive humidity.

b.-.C is calculated using a dispérsipn equation that
ihcludes‘emiséi@ns_from,tﬁe:éfadkﬁand;éffeCtiVe
s£a§$ height-as é5nstantsf .VariablES iFEIﬁQel,
'hé;iﬁontél and yértiéél-dispersioh‘poeffiqiénts‘_:

 ‘which depend on stgbility coﬁditicﬁs.éndzdownwind
disténcé from'the‘sogrce; windépéed andlé crééé-&im@I
distanéé Variab}e‘ylﬁhiCh.depenééuoht§h§p§e§~in wind
“direction. | | | | |
‘é.; T is afvarigblé time'interv§l~0ver?ﬁhichﬂéfiéu'

constant.” -
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Recalling from Chapter II that reduction in yield is proportional

to the amount of leaf area destroyed,
YR = £(LD) | | | (5-3)

where:. YR = yieid reduction;

it

LD leaf damage.
An eguation was formulated to predict leaf damage ftom the work of

Thomas and Hill (¢7,p.299-300) which foilows the form:

€10 ~ 155T - : o

- ‘ .
14.2 + 15.4T (54

where: ID = leaf damage;

T = time (dﬁréticn of fumigétion);

C = concentration_lével of éollutant; and

A = shsorption fate‘of the plant. |
Procedures to estimate the:éﬁsorptién rate of the plant, the Soncépfra—j
tion level of pollutant,.and the duratioﬁvof fumigation are discussed

in turn.

Absorption Ratekdf the Piant.

The absorption rate of the pléntfdepends on-a nurber of environ- -
méntal fgctors, includiﬁé light.intensity, soil moistﬁre,:teﬁpéfétﬁre,
and relative humidity. ‘fhe modei”formﬁlated iﬁ this sﬁﬁdy:assuMedi

fdamagé tb‘plants would only;take ﬁlace in daylight,hours; adequate
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soil moisture, and daytime tempe;atures above 40°F. When these condi-
tions are favorable for damage, relative'humidity becomes the crucial
yariable of‘plapt susceptibilitj to‘sﬁlfur diéxide. O'Gara [42]
recognized the'importance of relative humidity by specifying a-
quadratic equation which gave the relative sénsitivity of plants at
different air hunidities. This equation was confirmed by Thomas,
Hendricks and Eill [68]. Table IV gives solutions to ﬁhe equation;

TABLE IV. RELATIVE SENSITIVITY OF PLANTS TO INJURY BY SULFUR DIOXIDF.
AT DIFFERENT ATHMOSPHERIC RELATIVE HUMIDITIES.*

Relative Humidity ' Relative Sensitiwvity
percent | | Percent

100 100

- &0 89
60 - o 77 .
50 : _ 69
40 : 54
30 . 31

- 20 o .18
1C 13
o - 10

*Source: O'Gara, P. J., "Relative Sencitivity of Cultivated and -

Native Plants to Injury by Sulfur Dioxide," Magil, et al.
(BEds.), Rir Pollution Handbook, 1956. .

The variable A, then, becomes a measure of the absorptive rate per -

unit (dry) weight of the leaves and is mathematically independent of
the  daration and intensity of fumigation. The data collected by . -

Thomas and Hill-revealed that A ranged from a minimum of 30 to. a
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maximum of 650 in their different daylight experiments. The dimensions. .
of A wexe so.chosen-that when duration. of fumigation was expressed in

hours and congentration of ‘SO, in the air by parts per miliion by

2

volume, the absorption was given as parts per million of the diy leaf’

tissue [67,p.302]}. Using 100 percent relative humidity as rebref
senting mavimum sensilivity of plants to injury, the absorption ratez:
was estimated by‘multiglying relatiyc'hﬁmidity by 650, i.e., a rela-

tive huhidity'of‘lOO_percenE'='l.O,

ggilﬁtion,Concéntration and Fumigation Durzation
Calcuiating:pollution‘concentration (C)j;nd fumigation .Curation

(™ fof a receptbr field in a given wigd direction tequireé.a'disperf'

sion model which would reflect varying poilution:eoncentrationa wiﬁh\

changes:in wind directiop.(.As1and-chéngéd from itsjinitiél direction,f-

the.centér Qf‘the plume'WOuid”mcveuaway‘from‘ﬁhe-régeiving-field and

the field would suffer smaller. concentration levels .of polilution. The .

‘aispersicn model ‘used was of ‘the form:

R R IR L SO R ks R € )
y Za . N ' o

TFrOmealS. Department of Health, Education and Welfare,:Public

JHéalth'Serviée,-Workbook'of3Atm05pheri¢_DiSpersiOn'Estimafés;-Pub,‘
No. 999-AP-26, Revised 1969, p. 7. ' : T :
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where: C = concentration level of pbllutant;
Q = emissions;

T = 3.14159;

0 = horizontal dispersion coeff1c1ent, a function of downwind
¥ distance and stability;
,GZ‘= vertical dispersion coefflclent a functlox of downwind

dlstance and stablllty,
U = w1nd speed;
H = effective stack height; and”

v = cross-wind distance (distence. in retcrs £rom plume center-
line).

Cross-wind distance, y., refledts the'diséance'of plume center-
line fromva receptor field, where increaéiné distance resuits in a
decreasiﬁg pollution cbncentration-"By_qalculati#g y énd.félating it
to a time interval, poliution concentration_ana fﬁmigation duration
could theﬁ be estimated.

A cqmputgr program was writtehﬁ(sée Appeﬁdix B) which wQuld esfi—
mate cross~wingd disféﬂce v resulting'frbm;changes infwind.direction.

By using the formula for arc length,
AL = —X go - : - ' o (5-6)

where: AL = arc length in meters;

T = 3.14159;

bl dlstanue in meters from pollutlon emltteL to receptor

fleld and
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8 = the difference between original wind direction in degrces
and the new wind direction in degrees. .

the arc length (cross-+wind distance = y) could be found for a change in
wind directiqn (9°);

Assvme, for example, the receptor field to be 1 mile from the
poliutirg stack and in the 90° wind direction. If the wina ﬁlew in
the 90° direction continuously, the given field would receive center-
line plume copcentrations‘ The c;oss—wind disztanca variébie y in the
dispersion médel would be assigned. the ﬁalua.zero and a ocilution
concent;ation would be calculatedvusing the simplified dispersion

model

0 L 12 ) . ' .
C = —=—— exp{-.5( } -
”OszU expf-.5(H/0,) ] | - (5-7)

If, however, the field was'fumigated half the time by 2 wind in the
95¢° directibn,'the field would suffef less than center plpmevline
concentration levels, énd-equation'(5—6flused'iﬁ Appendix.B would be -
used to calculate y for use in disperéion.equation-(S—Sf.

A Rustrak recorder wa§ used ?o providg céntinuOQS‘wind directio#
data which was collected in‘Bozeﬁan by tﬂe meteorologists at Montana
State Univé?siﬁy‘ Employing seﬁsitive graph paper moving an inch an ;
hoUr,'the‘re¢order inaicates,wihd direction every 2 seconds:. Wind
spéedfin ﬁph;wés averaged for eéchmhpur 5o that a cdﬁstant Wind—

speed was thus assumed for.each of.the 1,800 wind directions for that
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hour. Each nour ¢f data was then partitiéneé using the arbitrary ruie
of minﬁtes it takes for the wina to move one~half mile.‘

Wind diréctian dara OF wind speeds equailing 5 miles_per hour,
for exawvle, were partitibned into 6—mipuce intervals (the +time it
takes for wind mo{ing at that welocity to move one-half milé); 6 miies
pexr houxr iuto 5~minuté Intervals; aﬁd so on to windé spéeds'of 12 miles
per hour into 2.5-rinute intervais. IZ the wind ;peed wag 5 miles pexr
hopr, the houxr's wind di:eCtion data werxe partitiohed‘intq 10 interValsk
with 160 wind Aireciimons in each interwval. Wind.directiqn was then

8

averaged for ewuch interval. $

An array of the abcve2 averages was then dbtaiﬁed for each wind
specod represgnting w1n3'direCEi0ﬂ in deorees. Fér‘examylé, 280;, 278°,
272°'... forx.. a wind sreed of 5 miles per hour-indidatéd a wind direc~
tinn of 28&0° for 6 minufes,.278° “oxr 6 minuteéﬁ.2725'for 6 minutes, ang -
so on for +the remainder ot the.data for that hour. Usinc these wina

direction data for each wind speed in computer program {see Appendix

Q_‘

B) prdduced estimates of the cross—wind-disténce, vy, for each of the

time intervals. Pollution concentratisn was then calculated for that

'dwind gspeed of less than 4 miles perxr nour and gredter than 12
miles pver hcur were omitt=ad. Basically, wind speeds of less than 4
miles per hour exhibited Such variability that a receptor field woulid
saldom reaceive fumigation durations sufficient enough to cause plant,
damage. Wind speeds of greater than 12 miles per hour, on the other
hand, would no% produce high-enough levéls_of~pollution concentration
to cause plant injury. Ex<eptions will be discussed belov. ‘




particular wind speed for each l-mile sector from the polluting stack.
This was then repeated for each of three l-mile segments.

Pollution concentration and fumigation duration was then plotted,
for each of a number of combinations of miles.from the polluting

stack, stability conditions, and wind speed.

the procedure.
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Pollution Concentration

(ppm)

1.2
1521
i i
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Figure 5. Pollution Concentration Given a Wind Speed of 5 Miles per

Hour,

a Downwind Distance c¢f 3 Miles from the Source,
an Unstable Stability Condition.

and
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Notice firstlih Figure 1 that for a wind speed of-5 mph the
distance betWeen'any two points represents 6 minutes. In this
example, 30 points were calculated and plotted; each repraesenting
a pollution cencentration of 6 minutes duration -and in‘total a. period
of 3 hours. Each graph was examined and average pollution concentra-
tions during specific periods of time were estimated visually. In
this example, a pollution eoneentration of one ppm was chosen for the
2-~hour interval from .5 to 2.5 hodrs. Since.reeearch has indicated
that a plant can wi:hstand..B to .5 .ppm indefinitely without susteiping
any leaf damwage, concentration levels of-pollﬁtant between zero and
0.5 houts'and between 2.5 end 3 hours were treated'as.zefo,inzany
éelculations of-leaf damage.

Alminlmum of 5 and‘a.maximum of lO_‘graphs9 were plotted fot each
comblnatﬂcn of w1nd speed ‘distance from the polluting stack, and
:stablllty condition, from which average pollutlon cqncentration C for

each T was estimated from each graph: Estimates of pollution concen-

9Recal1 that each pollution concentration C was calculated using
a different cross—-wind distance variableé y and’ ‘that each y was the
result of wind direction averaged for a spec1f1c interval depending on
wind speed. Wind speeds of 12 mph, for example, réguired direction
averages for 72 intervals for a 3-hour period, each interval 2.5
minutes duration.” Approximately-350 intervals were averaged for each
wind speed, yielding enough .data for five 3-hour graphs-at wind speeds
of 12 mph.and ten 3-hour graphs for w1nd Speeds of 5 mph. ‘The writer
recognizes the limited data plotted and suggests refinements and '
mechanization for futurn work.
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tration and fumigation duration ranged from an average pollution con-
centration for the entire 3-hour period to three or four average
pollution concentrations, each with fumigation durations whose total

was 3 hours. Figure 6 presents another illustration of the discussion.

Pollution Concentration

(ppm)
2.0k
1.8 L e
U, W e
1.5 Tk
B
1 /P—\
1.2 ke 5.2
1.0 }—< .
P ROBY . 50 80T I
Q- X\._/"A
&k
4
| 1 A
i i i il
1 2 3

Time (Hours)

Figure 6. Estimating Pollution Concentration and Fumigation Duration.

This data, for example, was plotted, visually inspected and esti-
mated for polluticn concentrations C of 1.2, 0.9, and 1.7 ppm each of
1 hour duration. Combining each C and its T with an absorption rate of
the piant A, leaf damage was calculated for each hour of the 3-hour
period. Total leaf damage for each graph representing a 3-hour period

was then calculated, and by adding the leaf damages for all calculated
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under the same éonditions and dividing by the number of 3-hour periods,
a mean {average) leaf damage wés found énd ﬁsed to calculate yield
reduction for each set of conditions. Pleaée'potelthat the graphs were
’averaged visually and therefore no .claim is made for a cém?letely'accu—
rate prediction of leaf damage. if é éomputefjroutine had been.devised;

slightly different results might have been produced.

Calculating Yield Reduction

The following eguations were then used to predict yield reduction
as a percentage of total crop yield by using léaf‘damages calculated
above. Since alfalfa does not exhibit a étage of growth effect [28,66}/

equation (5-3) becomes, for all stages of growth

Y = 100 - .302X (5-8)

where: Y = percentiof total yield;
X =_peréentage leaf damége (i.e., 10% = X = 10) .

_For‘barley, which does sgffer-greater‘damages with increasing .
growth, tgé foliéwing qoefficiénts were‘ugea‘£o estimate loss in yield
is1.

'y =100 - .00x  lst - 6th weck

Y = 100 - .20% . - 7th - 9th week : (5-9)

=
i

100 - .35%  10th - 14th week
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The average annual yield of alfalfa and barley in each sector,
assuﬁing no pollution,'was.dete:minéd using data supélied'by the
Heléna Valley Ifrigation Project. Alfélfa‘was assumed to yield 2 tons
per acre at $23.50 a ton, and barley was assumed to produce 40 buchels
an acre at 85 cents a bushel. Each fumigaﬁion, coupled with the right
envirormental factors, would réduce the total yield attributable to thax
sector as discussed above.

Taktle V depicts the average annual damages to alfalfa and barley for

all secilors given emissicn levéls ranging from 100 percent. to SC percent.

TARLE V. AVERAGE ANNU2ZI, DAMAGE COSTS TO ALFALFA AND BARLEY . FOR YEARS
1265-1269.

Emission nevel Alfalfa Barley Total
Fercent i aanntedt oty DOl] arg~—m—mmm— e '
100 2,006 - 494 2,500 -

S5 ‘ 1,650 392 ' - 2,052

20 1,444 273 1,717

8c : 1,220 161 1,391
70. - : 1,034 . 105 . 1,139
60 : 742 59 -oen1.

50 ' 491 14 505 .

A curve was fitted .to the cost estimates of varying emissicn levéls

. ' ' . L . 10
using least squares regression analysis which took the foxrim:

ADC = .0203 + ..081% - .105E2 + ;0468E3

‘Where; ADC agricultural damage costs;

Hi

E = emission levels (100% = B = 1.0) -

10

ADC is in millions of dollars.




CHAl?'l‘ER VI
ESTIMATING THE -CONTROL CCSTS OF PO,I.I:,U'l‘iON.

Attempts have been made to control sulfureo#lde emissions for the -
‘last lSO'years [51]. High costs of'control as‘WeIl as the fact that.
the costs of ngt'controlling emissions are mainly external.to the
emitter have generated little volition on *the part ofremitters to
purchase control eguipment. When economic conditions or pollution
control‘regulations do-Warrant control, sulfur dioxide‘has‘begg'
‘recovered_as sulfuric acid or elemental sulfur. ‘

Recently!a cheaper way to convert polluting oxldes to elemental.
.‘sulfur wag anncanced by E. Van Dornick, whose process would.rid the
gas of 90 pércent of its sulfur content at'a‘cost.of éé per ton_l The‘,
process is now boing tested and prellmlnary results are now becomlng
availablel In correspondence Qithiﬁan Dornick,,he éstimated the .
capital cost ‘of the process plant for the Amerloan Sﬁeltlng and
Refining.Compeny;in-East'Helena to be $ll{million:andﬂthe-operatlné _
costs to belss to $6 oer ton of elemental sulfur product. UnfCrtunately

for potentlal usexrs of thlS process, the prlce of elemental sulfur

2
has fallen from $J8 a ton in 1968 to under $lO a ton prcsently.‘

descrlptlon of the sulfur dlox1de pollution redwu ctlon process
by E. Vaa Dornick can be obtained by writing the Chemical Technology
vorporatlon, 9400 Wthmore Street El Monte, ca 97133

'2ﬂell‘Street_Journal, Novembe* 9 1970 ~p. 18.




46

A planned 60 peréent increase in flugléas concentration by AS&R
.WOhld-reduce the‘capitél.costsqu the process plant to $7 té $8 |
mil,lion.3 Assuminé, then; a caéital.cost of $8 million;.dperating
costs of $5.50 per ton, and the production of 42,000 tons of elemental
sulfur per year, Table VI reﬁealg'tﬂe market price of sulfur which
would have to be received fér a breakeven confrol-coSt;
.T BLE VI. MARKXET PRICES OF ELEMENTAL SULFUR NEEDED TO FORCE CCNTROL

COSTS T? ZERO GIVEN THREE RATES OF INTEREST USED TO
CONVERT CAPITAL COSTS TO ANNUAL COSTS.

-(//97ci)
Interest Capital Operating  Total Market Price- Control
Rate Cost Cost Cost of Sulfur Costs
Pct. - —-—=Milliions of Dollars-—-— ——-—=Dollarg—m——m—--
.10 .80 .22 1.03 24.52 0.00
6 " .48 .23 W71 1€.88 . 0.00

3 .24 .23 .47 11:.19 . 0.00

Thé process plant is based on a 90+ pe:éent SO2 remo§a1 and a 95+
peicent.eleméntal sulfur recovery. .VESSentially éll of the particu¥
lgtés can be conveniently ?em@Qedxéither by-ﬁhe-procesé equipment alone
or with nominal auxilliéry facilities. The proceéé‘is-aeéigned speci-
ficaliy'for a §0+ percen£‘§62A;emoyal.and is a 95% peréenﬁ:éperatioﬂ.

Van Dornick explains that:the process ¢euld not be operated at lower

~ levels of recovery or SC_ removal.

2

, 3This‘inforﬁati0n'was comrunicated -to ‘me by E. Van Dornick in a
. letter dated September 28, 1970.
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Minimum éost control. methods of: more'conventional‘desigp‘for the
ASER lead smelter under consideration were furnished Ey the Environ-—
mental Protection Agency.'4 Cost data for controlvof a Dwight Lloyd
sintering machine were given that would result in the lowest cost
per tén of sulfur removed for thé control level specified. Basic
agsumptions used to derive the capital and operating costs for

various levels of control efficiency are explained as follows.

Investmant and operating costs were taken from the Systems Study

for.Control of Emissions:' Primary Nonferrous Smelting industry},by.
Arthur. G. McKee and Company, June 1969. : A 15jyear straighit-line
depreciation, with interest ccsts at 10 perceﬂt, and administration
costs of 3 rercent, were used for calculatiﬁg annual éapital costs. A
credit of $5.35 per ton of recovered acid wAs assigned wherever
applicable. - At the'99.4-§grcent coatrol level,ithe sﬁelterfs operator
is assumed to purchase reaétivé_lime for s4 béf ton rather.thén~invest
in a 1im§lkiln and produce the material.'.This-assumption is valid._
becéuse of the small'quantity of lime néeded-téntreat ﬁhe final 7 per;

cent of waste sulfur dioxide.' The cost data are listed in Table VII.

a4 - - : . o . ) S

Mr. Frank Bunyard, Environmental Protection Agency, Alr Pollution
Control Office, Division of Economic Effects Research, communicated the
. necessary information to me in a letter dated Februarxy 11, 1971.

?Available from the clearinghouse for Federal ScientifiC‘and Tech-
nical information, U. S. Department of Commerce, Springfield, Virginia.
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TABLE VII. COST DATA FOR SULFUR-EMISSION CONTROL.*

S .3 Percent - .
Contrpol Efficiency . : : 45 =2 78 : 88 : 93 ': 99.4
1. Capital Cost ($ million)
' a. Limestone grinder Y 1.1
.b. Lime kiln ' 2.9
‘c. Scrubber & waste )
" treatment - 1.1 1.2 1.2 1.2,
- d. Contact acid plant ' ‘ _ _ 8.4 8.4
Total Capital Cost - 1.8 2.3 4.1 8.4 9.7
2. Annual Operating Cost
($ million) | ‘ |
a. Annual capital costs .36- .46 .83 l.ee. 1.94 -~ . - |
.. Operating & maintenance . = R : !
costs - ‘ .46 -.82 . 1.05 "1.37 1.60
c. By-product credits ‘ . . (.80) ( _.80)
Total Operating Costs .82 1.28  1.88 2.25- 2.75.

¥Source: Mr. Frank Bunysrd comaunicated the'informatior‘;-"_in j';ihiS.,
table to me in a letter datée February 11, 1971.
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Leas;'squares regression was used to fit a curve to the five

data points for-the various emission levels which took the form: .

CC = -2.97 + 6.3114 e (2

where: CC'= control costs;

E

emiggions.
A linear fit was suggested by Mr.  Bunyard for control efficiencies
between O and 45 percent control. The fit for this linear relation-

chip took the form:

CC = -2.22E - 1.

QA




CHAPTER VII
SENSITIVITY OF RESULTS TO PARAMETER CHANGES

In the search for ways to improve the misallocation [of
resources | rosultlng from external effects, care must always
he exercised to take into account anv additional costs or
penalties associated with the remedy. It is quite possible,
for example, to set standards designed to reduce external
effects so strict that there will be a los3s to national
product rather than a gain [26,p.%]. '

Estimates of the social costs of pollution and control, although

difficrlt, must be made for rational control policies. These esii-

mates are reviewed herc for purposes of analysis, enabling authorities’

to. make better delisicons becazuse of increased information.

Under the assumption tha* Ridker's value data do not fully. cap-

ture the disbenefits associated with‘SOZ, the average annual household

damage costs of £33,000 listed in Table IiI were_doubled.l Adding

'averaqe annual agricuitural damage costs of $2,500 . (Table V), total

lRa,call that damages per household were eCtlmated using Ridker's

St. Louis study where peorle.there paid -$245 more for a house for
each .25 mg S03/100 cm2/day avoided. At 6 percent interesi, $245
represents about $1.20 per month per housenold. Ridker's value data,‘
‘estimate only household damages. Slncb.damages occur to people

and property, the somewhat arbitrary assumption was made to double

‘the damages cclculated by using Rldker s numbers to capture totai
damages.
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pollution costs were estimated to be $68,500.. Total annual cqsts,
including control)sagricuiture, and household, can. then be.summarized'

by .
. . o o
TAC.= ~2.22E + 2.22 - .0203 + .C81E - .105E“ + .0468E~ + .066E

where:.hTAC

total annual costs;

B

emissions'(lOO% = 1.0);
-2.22E + 2.22 = contrblhcostsz;‘
-.0203 +‘.081E - .lOSE2 + .O468E3 = agrlchltural drmage uosis;
.Q66E = hehsehold damage costs.

211 cost figures’are in millions of l97lsdollars.'

If the socielly‘desiiable amouhts.of pollution-contrql are
.assumed'to be the‘leastICOstly combination offmeehs.availeble,‘the
level‘of pollution seughtgshouid be fhe poin;hwhete_the cdst‘of a
fu;ther reductiohswould just'exceed the benefits,;;Giveh the damageh
costs estimeted ih this study and_the control pessibilitiesiestimeted

by the Environmental Protection.Agency, there,is no :level of -

. 2‘he linear rontrol cost functlon is 1ucluied here where an
interest rate of 10 percent was used tc convert capital costs to
-annual costs. Least squares regression analysis was used to fit a
“curve - to the five- dlscrete control costs estimated by NAPCA taklng
the form C = '=2.97 + 6.31I+Exp(- E) e represents costs and B
' represents em1ss1on levels. ' T
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“control which can presently be justified_dn efficiency.grounds.’
Although substantial damagés have beeﬁ estimated, the total éostan
function is minimized at 100 percent emission levels aﬁd a total
cost of $68,500. Table VIIi shows the pollution and control costs
for seven discrefe'points of control and for changes in the hasic
assumptions. An asterisk (*) indicates the control leve}s necessary
to minimize costs given various assﬁmptions about the dafa.
The first linc in each set of assumptions indicéte“a zero_level
of sontrol. Lings 2 through 6 indicate the control costs.eétimated
by EPC for fives discrete control levels. Line 7 gives the ‘control
cost estimatas by E. Van Dornick (EVD) fo;‘the 90 percent.confrol.
“Leﬁel. The basic'éésﬁmption,.B, indicates é doubling of household damage
costs'estimaﬁed.using.Ridker's value daté: Ten, 6 and 3 percent indi—‘
cate the rate of interest us=d to convert capitél costs to annual costs.
Contrcl_cbst'gstimates for E. Van Dornick's 90 peréent céntrcl |
method are estimated as follows. The basic capiltal cost is conVertea
" to annual costs bj-the ébpropriate interest ?ateq The pléﬁt'is capable"
of'produéing 42,006 tons of elemeéfal,éulfur éer year at aﬁ:ope?atipg.
cost of‘$5.56_per'tén.. Assuming the mafkét priéé'of sulfﬁi td‘be_..
$9 per ton, 53?8,000 are then‘subt£ac£ed f;om the_plant's_total anpual
'operating and capitéi'costs to yield the annual'controi éost'estiﬁafes.-
Assumptidns'i;'z,‘and 3‘iﬁdicate thatvtotal costs-wguld‘be_

 minimizéd at 0 peﬁcent contxol levels:given the basic assumption B
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TABLE VIII. THE DISCRETE CASE CONTROL COSTS ESTIMATED BY EPC AND
E. VAN DORNICK (EVD). (All Costs are in Annual Terms)

Agricultural

Change in Control Control Damage Household Total

Assumpticns Emissions Level Costs Costs Costs Costs
' _ ‘Pct. = - Millions of Dollars————-— '
1. p- (10%) : e
, 1.0 0. 0.00 .0025 L0660  .0685%
.55 45 1.00 .0002 L0172 °1.0172
.22 78 1.51 ~.0000 - ,.0043 1.5143
.12 88 2.29 .0000 .0030 2.2930 .
.07 93 3.09 . 0000 .G013  3.0913~
.006 99.4  3.72 .000C .0001 3.7201
EVD A - 90 <652 ~.0000 .0023. .6543
. B (6% . S
2 (6%) 1.0 0 0.00 .06025 .0660  ,0685* --
.55 45 .928 .0002 L0172 9452
.22 78 1.418 .0000 .0043 1.4223
.12 88 2.126 .0000 .0030 2.1290
.07 93 2.754 .0000° .0013 2.7513
.006 99.4  3.332 .0000 .0001 3.3321
EVD .1 90 - .332 .0000 .0023  .3343
3: 8 (3%) 1.0 0 0.00 - .0025° L0660 © .0685%
.55 A5 .874 .0002 L0172 .8912
.22 - 178 1.349 .00006 .0043 " 1.3533
.12 88 ©2.003 .0000 .0030 2.0060 .
.07 93 2.502 .0000 .0013  2.5033
.006 99.4 3,041 -000% .0001 3.0411
EVD ‘ .1 90 .092 .00G0 L0023  .0943.
20B ) . ' . ] . ,
4. (10%) 1.0 . p 0.00 0025 1.3200 1.3225
.55 45 1.00 - .0002.
: . .3440 1.3440
22 78 1.51 .0000 SR
: .0860 -1.5960
.12 88 2.29 - .0000 :
: : .0600". 2.3500
.07 93 3.09 .0000 PO
N 4 L0260 3.1160
.006 99.4  3.72 .0000 0025 - 3. 7225
AV . 20 .652 - .0000 Y Y
EVD : 90 . 0460

.6980%

(table'éontinugd)
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Ly ] §

.056 .0000 - . .0023 .

.0583*%

TABLE VIII. (continued)
o ~ Agricultural . - '
Change in ‘ Control-Control - Damage Household Total
Assumptions FEmissions ILevel Costs  Costs - =~ Costs Costs
" Pct., - —mmme -Millions of Dollars=-——-—
' 20B % ' " o
E;—~f4—gé~L 1.0 0 0.00 .0025 ‘ 1.3200 1.3200
- .55 45 0.928 .0002 ) ©.3440° 1.2180
.22 78 1.418 .0000 . .0860 1.4350
.12 88 2.126 02000 ; .0600 2.063C -
.07 93 2.754 .0000 - 0260 2.7800
. .006 99.4 3.332 © .0000 . .0025 3.0735
EVD L1 50 .332 .0000 .0460  .1380*
5. 208 (3%) 1.0 0 0.00 .0025 . . 1.3200 1.3200‘“
.EB5 45 0.874 .0002 .-3440 .1.272C
22 78 1.349 . .0000 . .0860 -1.5040
.12 . 88 2.003 .0000 .0600 2.1860
.07 - 93 2..502 .QCo0 - .0260 2.5280
.006 99.4 . 3.041 .0000 ' .0025 . 3.3345
.EVD .1 20 .092 ".0000 ' ..0460 . .378%
B (73 - , . ' P |
7. 2 (73) 1.0 -0 0.00 .0025 .0660  ,0G685%
EVD. .1 20 413 .0009 .o ,0023 ¢ .4152
7B % : N R . ' e
§¢—Z=+~£Z~l-r 1.0 0 . 0.000- - 00025 " . .4620  .4645 -
EVD .1 20 .413 .0000 ..01l6l" ‘;429l*'
2. 2. (7% 1.0 0 - 0.00 " .0025 .0660° .0685
EVD .1 20
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and for .interest rates of 10, 6, and 3 percent. The market price of
elemental sulfur would have to be $23,00, $15.42, and $9.72 for
assumptions l,‘2, and 3, reapectivelf, before EVD would become a
-minimum cost solution. | |

. Multiplying household damage costs by 20(20B) as shown by assump-
tions 4, 5, and 6, inaicateS‘that_minimum cost solutions would involve
zero control for the cost figuree estlmated by EPC. 'Excluding Van '
" Dornick and uelng the lowest discrete control level.destimated by
EPC, the basic estimate of damage costs would,have to be increased by
a factor of 20 before control could be jUStlfled on efF1c1enc§ érounda.
-If damages were 20B, EVD becomes the minimum cost solution at a control .
level of 90 percent.

Assumptions 7 and 8 are included to indicate the.viability-of

the EVD‘control process as‘a,minimum cost means of contrbl.v;USing an
interest rate of 7 percent3 andia'market price-ofselemental sulfur

of $94, the conclusions are as follows. Given the basic assumption,,

3The money rate of interest was determined by checking the K
cerporation bond market in the July 23, 1971 Wall Street Journal for
the American Smelting and Refining Company. Showing a _coupon value
(contract rate of 1ntere t) of 4 5/8, a $1,000 bond was selllng for
$705,; maturing in 17 years. By examining the present value of $1,000
due in 17 years and the present value of annuity of $42.63 received.
at the end.of each year, a money rate of intere st of 7. percent ‘wa.s
determlned : :

4Prlce of a long ton of elemental sulfur f.0. b Alberta, Canada
July 23, 1971.
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B, no control can be justified as shown in agsumption 7. Assump-
ticn 8 indicates that the basic estimate of damages woﬁld have to be
increased by a factor of 7 before EVD minimizes costs. Assumption 9,
indi¢ates the market price of sulfﬁr would have to be approximately

$17.50 before EVD becomes the minimum cost solution.

Comments ¢on Results

Conclusions other than those reported in this study would be
warranted given the following possibilities. First, damage EOSts mey
be significantly underestimated. Second, control meﬁhédé leéS'costly
than those reported may become available. A;a finally, thé alterné—
tive of plant shutdown as a control alternative is a possible solution.

Imberfect information about the pbllutaﬂt's effect on health,
vegetation, and materials, a'lack.of certainty in the diffﬁsion model,
and the possibility of aﬁ increased effect (synergism) by.a chemical
recombination once\airborﬁe,~could all affect estimétes of damage bosts,

The'damage costs. calculated in this study are probaﬁly under-
estimates. | |

Care was taken to adjust annual sulfation rates by é_con#erva—-
tive factor of 10 percent, and though damages could oécur'at annual
-sulfation:lévels bélow .49 mg'sb3/loé;cm2/day,.all‘damages below th%é_

level.wére'eXCluded.
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This was consistent with Ridker's study qf using .49 mg as a
background ievel.‘ In addifion, the harmful effects of intermittant
high 1evél coﬁcentrations of sulfur dioxide were not cstimated.

Estimated démages to‘agriculturé were also minimum.l Although the
relevant research indicated differences of‘épihion regarding damages
to alfalfé and barley duriné nigﬁt hours,‘éamages were esﬁimated only
during daylighit hours. Abnormal weather conditions-causing heévy con;
centraticn leVels_af'pollution aﬁd/or extended fumigation d&urations
in relatively small areas could cause significant leaf damages;
Although these conditions probab}y.inf;ict greater;damages than those
estimated, the frequenéy'of occurrenée was ho£ known and hence not
evaluated. An indi:ation of the underestimate of crop damages is the
fact that over.$l4,000 were paid for crop damages in 1967} 1968; and
1959 by AS&R while chis study indicated damdges of $7,233 for the
comparahle 3-year period. |

Means of control less costly than those estimated by the Environ—
‘mental ProtégtiOn Agency (EPCY—and-E. Van Ddrpick céuld also alter the
condlusipn§ in this study. A representative of_EPC indiéated,'howéve;;
tﬁat."the éné.ccﬁtfol schemé tﬁat wquld-tgéulfiin the lowest cost per
ton of sulfur_removed for the épecific contrai level" was used, and
. further, "in'a practicél‘sense, a smelfef ogerator woﬁld choose the

least-cost strategy for a given control level similar to the approach
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I am presenti_ng-yoﬁ."5

Concerning the EVD contro1 process; many
engineering evaluatiens indicate that it is superior in simplicity and
cost compared to other ‘existing methods recovering elemental sulfur
from flue gas. /

Another possibiiity-would be the alternetive of plant‘shutdown.
If the basiclassumptions in this study are correct then shutdown wQuld
appeaflto be socially efficient if expected annual rent losses to

land,_labor, and capital were less than $68,500. An estimate of these

losses would be difficult and is beyond the scope of this study.

Implications of the Results
. Dameges of $568,500 ere certaihly not inconsequential, especially
when seven—tenths.of ehese damages‘occur witﬁin.l 1/2 miles of the
stack. If people de have the right to eleanfair, equity weulé require
that they beleempehsated by'the‘amoﬁnf“they are-damaged; .Remuneratienf
for.example, might incluae.direct payments from AS&R to the receptors;‘
A payment schedule appears to be en attraetiee alterﬁative, both-on'

equity and ircentive grounds. 'First,.damaged parties are compensated

5Wr. Frank Bunyard communlcated thlS 1nformatlon -to me in a
letter dated February 11, 1971

Grgcientific Evaiuation, Engineering and Technological Appraisal
of the Van Dornick Sulfur Dioxide Reduction Process,"™ Dr. Walter W.
Walker, P.E., F.A.I.C., .729 No. Richey Blvd., Tucson, Arizona and
Joseph H. Herz, Chief Technologlst Callfornla Portland Cement Co.,’
Colton, Callfornla.
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according to the costs they incur.. Aﬁd secqnd, the Cur;ent,trénd of
dpgmatic’inéistence,by éolluters-that control mechanisﬁs'are too
expensive could'be fe&ersed by-cre%ﬁing'én'iﬁcentive'tb'segk control
methods which would cost less than démages paid. If thetdémages to
receptors are known and payments enforced, ﬁhe p;ant would continue
toremit on;y as -long as the costs. from additibnal emissidps'axe less
than. that which it would haVévto pay to reduce emissidns, |

Until cheaper ccntrol pdésib%lities-;refdiscovered‘br future 
research indiqateé damages- presently unaccounted for, the gain in.
efficiency by better social contrcl decisions.at éhis plant ;ppear'to'
be neqligible. Fuxther research on éhe-significént pafamefers in
this study’as they .apply to this plantyof tﬁe American.$mél£ing and
Refining‘Coﬁpany; (éxcept on the possibility ol sﬁuﬁdown) QSuld,hot-‘
appear to be Qarranied;“ | | |

Given. that receptor damaées depend ih part on factory location
and wind éattérns,Vit-appears thatithis‘plant-is suitably iocatéd;
ﬁf“tne-prevaiiing w;nds, for'eXample,-Wéré:toﬁérd thé.éity.bf'ﬂeiehau
95 pe?ceﬁt of-the‘fime, instead of éﬁeiéﬁfrent 4 to 6 ?éfqen%, the
$éagl‘in&icatéd,ESugéﬁdld déﬁagéé 5£”$i;223;000 and éh eﬁiséioﬁicénfrcl
level of 90+ péréeﬁt:

The mddel Waéialéofappliéd‘tosghe;AS&R‘copper'smeltei»in'Tacoma,

.. Washingtony (emissions only double),; where household damage costs

totaled $6 million and'the minimum'CostﬁsQlutibn'callédnfor 90+ .percent .-

B
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emission control. Plant location, then, as well a3z emissions and .

control costs affect control decisions.




CHAPTER VI I>I
SUMMARY AND CONCLUSIONS

A 1969 govérnmental study of the_AS&R lead smelter in East
Helena, Montana récommendeﬂ‘that a substantial reduction in sulfur
oxide was necessary and in keeping with the. varying activities and
eccnomic interests of the area. Empirical guidance ﬁor determining
the efficiency of a "substantial wreduction" has been lacking due in
part to tlie lack of information on;ppllutioﬁ costs. |

A computer program was written to refine and extend a methodology
_developed by Stroup-to estimate household damage costs, while agri-
cultural damage costs were estimateﬁ.using~a-new méthbdology fér
éalculating yield loss due to SO2 fumigationé. ‘Combininé these
pollution costs with control costs estimated by EPC ana Van Dornick,
a totalil qost equation was estimated and-minimiéed to indicate efficlent
lgvels of emissioh-control.

The hOusehold-damage’costs weré calculated using local weéther-
data inlé computér program written to predict annual Sulfafion-rates,
'population and hoﬁ%ing data,.aqd the vaiﬁe'data from a St;_Louis.
rproperty valﬁe study by Ridker;_ Agriculturai‘damége costs were
estimated by combining a.dispersion médel to predict pollution"cbn—
centratioﬁ, and é study by Thomas indicating fhe absorption ?ate'of-
the plant, with:estima£es of fumigaﬁion.durétion usihg wind direction

- data. -
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The basic total cost estimate was migimized af zero control, whefe
effiéiency indicated that even if estimated damages were increased by
a factor of 20 usiné EPC éstimates or a factor of 7 using Van Dornick
estimates, uncontrolled emissiéns were still optimal.:

Substantial pollution damages were estimated, however, arid if
people do have the right to clean air, remuneration éeems equitable.

In éummary, the model presented in this paper was an attempt to
~give an operational ansWer to'thé hard'policy queétions facing decision
‘makers. The model can be adapted to other‘éitUatiQns;as it was in
Tacoma, or it can be adjusted for new numbers when new research like

Ridker's becomes available.

Limitations of Study

The lack of empiriqél research similar to the study by Ridker makes
air pollution controi‘decisions difficult. R=asons for assuﬁing his
numbers low as-applied to Montana would‘include‘thé inéreaéed awareness
of the environment.sincé his 1960 study and the possibility that people
who live in-Montana have éréater preferences for clean air. .Differing.'
supply conditions for housing of each enyironmentai qﬁajity, between’
Helena and St. Louié, also couid affect the appiicability of Ri@ker's'
figufes.in Helena. Any]new resea;ch made avaiiablé andlyiglding‘hew

nurbers, however, could easily be incorporated into the model.


































































































































